Abstract Purpose: Most lung cancer patients have some resistance to and suffer from side effects of conventional chemotherapy. Thus, identification of a novel anticancer drug with better target selectivity for lung cancer treatment is urgently needed. Experimental Design: In order to investigate whether OSU03013, a derivative of celecoxib, can be a potential drug for lung cancer treatment, we examined its cytotoxicity mechanisms by flow cytometry and phosphatidylserine staining in A549, CL1-1, and H1435 lung cancer cell lines, which are resistant to the conventional drug, cisplatin. In addition, we identified the affected proteins by proteomics and confirmed the selected proteins by Western blot analysis. We examined the interaction between OSU03013 and potential target protein by molecular modeling. Results: Our results indicated that OSU03013 had low-dose (1f4 AM) cytotoxicity in all lung cancer cell lines tested 48 hours posttreatment. OSU03013 caused cell cycle G1phase arrest and showed phosphatidylserine early apoptosis via endoplasmic reticulum stress. Several proteins such as heat shock protein 27, 70, and 90, CDC2, a-tubulin, annexin A3, cAMP-dependent protein kinase, glycogen synthase kinase 3-beta, and h-catenin were identified by proteomics and confirmed by Western blot. In addition, molecular modeling showed that OSU03013 competes with ATP to bind to cAMP-dependent protein kinase. Conclusions: We identified for the first time that OSU03013 inhibits cAMP-dependent protein kinase activity and causes dephosphorylation of glycogen synthase kinase 3-beta leading to h-catenin degradation, which is often overexpressed in lung cancer. Our molecular and proteomic results show the potential of OSU03013 as an anticancer drug for lung cancer.
Over the past decade, lung cancer has been the most common cause of cancer death in the world. Lung cancer causes 1.3 million deaths per year worldwide (1 -3) . Even with improving efficacy of surgical treatment, radiation therapy, and chemotherapy, poor prognosis for patients with lung cancer remains. Treatment failure, whether from tumor relapse or tumor resistance to chemotherapy often results in metastasis. For this reason, the identification of novel anticancer drugs for lung cancer treatment is urgently needed for cancer therapy.
OSU03013 is a derivative of celecoxib. Although celecoxib is an inhibitor of cyclooxygenase (COX)-2, substantial data indicate that celecoxib-induced apoptosis cell death is through a COX-2 -independent pathway (4) . A recent study indicated that celecoxib derivatives such as OSU03013 induce apoptosis in prostate cancer cells through the 3-phosphoinositidedependent kinase 1 (PDK1)/AKT signaling pathway and may more strongly inhibit cell growth than celecoxib (5) . The docking study showed that OSU03013 can bind to the ATP site of PDK1 leading to its inactivation (5) . In addition, OSU03013 has been used in breast cancer treatment, and it has higher cytotoxicity especially in breast cancer cells with epidermal growth factor receptor (HER)-2 overexpression (6) .
According to previous studies, OSU03013 can induce cell apoptosis (5 -7) . Several specific morphologic changes during apoptosis include loss of membrane asymmetry, DNA fragmentation, and nuclear condensation (8) . One important signal for phagocytes of apoptotic cells is the exposure of phosphatidylserine (PS). Therefore, PS exposure is crucial for apoptotic cells (8 -10) . Persistent or strong endoplasmic reticulum (ER) stress can also trigger apoptosis (11) . During ER stress, the stress signal induces ER transmembrane protein PRKR-like endoplasmic reticulum kinase (PERK) phosphorylation. Activated phosphor-PERK phosphorylates the eukaryotic translational initiation factor-2a (eIF2a). Phosphor-eIF2a will then upregulate the protein GADD34 (11 -13) . Caspase 12 is also activated by ER stress -induced apoptosis (14) .
Although OSU03013 has been known to be involved in the AKT signaling pathway and to induce apoptosis in prostate cancer, a recent study by Tong et al. found that 10 AM of OSU03013 can induce cytochrome C-mediated apoptosis in A549 lung cancer cells especially at low concentrations of exogenous-expressed AKT (7) . Therefore, to improve understanding of the molecular mechanisms underlying lung cancer cell treatment with OSU03013 and to investigate its affected molecular targets for lung cancer therapy, the present study examined the cytotoxicity of OSU03013 in lung cancer cells resistant to the conventional anticancer drug, cisplatin, and in a normal lung cell to confirm its selective cytotoxicity to cancer cells. Apoptosis phenotypes of PS staining and ER responses and induction of their related proteins were examined. Two-dimensional electrophoresis (2-DE) was used to reveal the differential proteins affected by OSU03013-treated lung cancer cells, and their expression level was confirmed by Western blot analysis. Our results show for the first time that OSU03013 could affect several pathways such as the cAMP-dependent protein kinase (PKA) and Wnt/hcatenin pathways and induce ER stress -induced apoptosis at a dose as low as 2 AM in lung cancer cells.
Materials and Methods
Cell culture. Human normal lung fibroblast cell line MRC5 (American Type Culture Collection, Manassas, VA) and A549 (type II human lung alveolar epithelial cell carcinoma), H1435 lung adenocarcinoma (American Type Culture Collection), and CL1-1 (derived from a Taiwanese female patient with lung adenocarcinoma, which was obtained from Dr. Pan-Chyr Yang, Professor, Department of Internal Medicine, National Taiwan University Hospital, Taipei, Taiwan) cell lines were cultured in DMEM (MRC5, A549, and CL1-1) and RPMI 1640 (H1435) medium (GIBCO, Grand Island, NY) containing 10% fetal bovine serum (FBS) (BIOCHROM AG, Leonorenstr, Berlin) and 1% penicillinstreptomycin (GIBCO) and incubated at 37jC in 5% CO 2 atmosphere.
Cytotoxicity measurement. Flow cytometry. Cell cycle distribution was determined by flow cytometry. Approximately 2 Â 10 6 cells were incubated in medium containing 10% FBS and treated with double IC 50 of OSU03013 per cell line respectively for 0, 24, and 48 hours. Cells were collected by trypsin/EDTA treatment and washed with ice-cold 1 Â PBS three times, then fixed with ice-cold 70% ethanol overnight. Cells were stained with a solution containing 20 Ag/mL propidium iodide, 200 Ag/mL RNase A, and 0.1% Triton X-100 for 15 minutes in the dark. Cell cycle distribution was performed by FACScan flow cytometry (BD Biosciences, Mountain View, CA) and calculated using ModFIT LT 2.0 version software (BD Biosciences).
Early apoptosis detection/phosphatidylserine staining. Cells were seeded at a density of 2 Â 1 0 5 in 60-mm 2 dishes. After treatment with DMSO and the respective IC 50 concentration of OSU03013 for each cell line for 24 hours, the cells were washed three times in Hanks' Balanced Salt Solution (HBSS) (GIBCO) and incubated with antiphosphatidylserine (PS) primary antibody (Upstate Biotechnology, Lake Placid, NY) for 1 hour at room temperature. Then, the cells were washed with HBSS twice and probed with fluorescent-conjugated secondary antibody (Chemicon International, Temecula, CA) for 1 hour at room temperature. After secondary antibody hybridization, the cells were washed with HBSS twice and then observed with an Olympus BX50 fluorescence microscope (Dulles, VA).
Two-dimensional gel electrophoresis and image analysis and in-gel digestion and matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) and MALDI-TOF-tandem mass spectrometry (MS/MS). CL1-1 or H1435 cell pellets (1 Â 10 7 cells) were solubilized in lysis buffer containing 7 M urea (Boehringer Mannheim, Germany), 2 M thiourea (Sigma-Aldrich, Milwaukee, WI), and 4% CHAPS (JT Baker, Phillipsburg, NJ). After sonication, 500 mg of total protein was loaded into immobilized pH gradient (IPG) gel strips (pH 3-10 or pH 4-7, 18 cm long; Amersham Pharmacia Biotech, Uppsala, Sweden). For the first-dimensional separation, isoelectric focusing was carried out using the IPGphor system (Amersham Pharmacia Biotech) at 20jC with 8000 V for a total of 65 kVh as previously described (15) . After isoelectric focusing, the IPG strips were equilibrated for 15 minutes then attached with 0.5% agarose to the top of a vertical 12.5% SDSpolyacrylamide gel. Second-dimensional electrophoresis was carried out with Protean II Multi-Cell (Bio-Rad, Hercules, CA) as previously described (15) . The gels were fixed and stained in 350 mL of the Sypro Ruby Protein Gel (Invitrogen, Carlsbad, CA) stain solution overnight, then the residual dye was washed out of the polyacrylamide matrix. The developed gels were digitally scanned as 2-D images using fluorescence image scanning Typhoon 9200, then analyzed using ImageMaster software (both from Amersham Pharmacia Biotech) to automatically detect and quantify protein spots. Intensity levels were normalized between gels as a proportion of the total protein intensity detected for the entire gel. Normalized protein intensity data for matched spots with two-old differences were exported to Gel Report.
From the 2-D gel analysis of DMSO controls and OSU03013-treated samples, differentially expressed proteins were selected for identification by MS and/or MS/MS. These spots were cut from 2-D gels, destained, and dehydrated as previously described (15) . Enzyme digestion was performed by adding 15 AL trypsin in 25 mM ammonium bicarbonate to a final concentration of 0.0225 Ag per sample at 37jC for 16 hours. The peptide fragments were extracted twice, concentrated, and eluted with 2 AL of 100% acetonitrile and directly spotted on the sample plate of a MALDI-TOF-MS. Finally, a-cyano-4-hydroxycinnamic acid (0.5 AL of 10 mg/mL) was applied to each spot, and the spots were air-dried at room temperature before acquiring mass spectra (M@LDI; Micromass, Manchester, UK). The resultant peptide masses were matched with the theoretical peptide masses of all proteins from all species in the SWISSPROT and NCBI databases using Masslynx 3.4 software (Micromass). Our protein selection criteria are (1) a match of at least five fragments from a single 2-D gel spot against a single-protein sequence entry in the database, (2) high coverage value, and (3) the sequence is of human origin.
Western blot. Cells were initially seeded at a density of 2 Â 10 6 in 100-mm 2 dishes. After treatment with DMSO and IC 50 concentration of OSU03013 for 48 hours of incubation, the cells were collected and washed twice in 1 Â PBS, then lysed in ice-cold lysis buffer (0.5M Tris-Hcl with pH 7.4, 1.5 M NaCl, 2.5% deoxycholic acid, 10 mM EDTA, 10% NP-40, 0.5 mM DTT, 1 mM phenylmethylsulfonyl fluoride, 5 Ag/mL leupeptin, and 10 Ag/mL aprotinin) for 5 minutes. The lysate was centrifuged at 13000 rpm for 20 minutes at 4jC, and protein content of the supernatant was measured. Total cell lysates (50 Ag/well) were separated by SDS-PAGE and electrophoretically transferred onto polyvinylidene difluoride membranes (Millipore, Bedford, MA). Membranes were blocked with 5% skim milk in phosphate-buffered saline tween (PBST) (1 Â PBS, 0.1% Tween-20) for 1 hour at room temperature and incubated with the appropriate primary antibody (PKA, p-GSK3h, h-catenin, caspase 12, p-PERK, GADD34, eIF2a, a-tubulin, heat-shock protein (Hsp)90, Hsp70, Hsp27, annexin A3, CDC2, p-CDC2, h-actin) at 4jC overnight. Membranes then were washed three times with PBST and probed with appropriate horseradish peroxidase-conjugated secondary antibody for 1 hour at room temperature. After being incubated with the secondary antibody, the membranes were washed three times in PBST. Bands were visualized using Western blot chemiluminescence reagent (Millipore). Molecular modeling. To examine how OSU03013 interacts with PKA at the molecular level, we carried out docking calculations of OSU03013 to PKA using the Autodock program (16 -18) . The structure of PKA from the X-ray crystal complex structure (pdb code: 1bx6) (ref. 19 ) of PKA and bananol, which is an inhibitor of PKA, was used for docking OSU03013. To add hydrogen atoms, the all-atom molecular modeling program, Amber, was used first. The pdb file was then to be treated with Autodock Tools to remove nonpolar hydrogen atoms and keep polar hydrogen atoms only for docking calculation. Atom charges in the protein and the ligand were the default Kollman and GM charges, respectively (17) . Atom charges on phosphoserine SEP338 and phosphothreonine TPO197 were obtained from Amber as well. For docking calculation, a docking space of 22.5 Â 22.5 Â 22.5 Å 3 centered around the ligand binding site (19) was used to ensure sufficient space exploration for ligand docking. Most other docking parameters were set to Autodock default parameters. The number of energy evaluation was set to 2 Â 10 7 . This computational protocol was carried out for docking of bananol first, and reproduced the binding mode of balanol-PKA complex (19) with a root mean square deviation of 1.02 Å using the experimental structure as the reference. The same docking protocol was then used for docking OSU03013 to PKA.
Results
Cytotoxicity of OSU03013 to lung cancer cell lines A549, CL1-1, and H1435, and to normal lung cell line MRC5. To investigate whether OSU03013 showed selective cytotoxicity to cancer cells, we measured the cell growth inhibition of OSU03013 to A549, CL1-1, and H1435 cell lines, which show strong cisplatin resistance, and to the normal lung MRC5 cell line by cell counting with Trypan Blue solution. The IC 50 values of A549, CL1-1, and H1435 were 1.53 AM, 1.9 AM, and 3.5 AM, respectively after treatment with OSU03013 for 48 hours. Under these concentrations, there was no apparent cytotoxicity to the normal human lung cell line MRC5 (Fig. 1) .
OSU03013 induces G1 arrest and early apoptosis. During cytotoxicity study, cell necrosis and apoptosis morphologies were observed. Therefore, we investigated which cell death mechanism was induced by OSU03013 by flow cytometric assay and PS early apoptosis marker staining. After treatment with OSU03013 for 24 and 48 hours, the G1 phase increased to 76.7% and 83.5% for A549, 45.5% and 70.7% for CL1-1, and 75.9% and 87.4% for H1435 ( Fig. 2A) . Previous reports had shown that phosphorylation at Tyr 15 of CDC2 inhibits the activation of CDC2 and causes cell cycle arrest in G1 phase (20, 21) . Therefore, we examined phosphor-CDC2 by Western analysis and found that phosphor-CDC2 also increased after OSU03013 treatment in A549 and H1435 cells (Fig. 2B) , confirming the observation of G1 arrest. In addition, as cell apoptosis is induced, PS will appear on the cell surface (22) . After treatment with OSU03013, three model cells all showed higher PS antibody intensity than untreated cells around the cell membrane, indicating an early apoptosis signal (Fig. 2C) .
OSU03013-induced ER stress in lung cancer cell lines A549, CL1-1, and H1435. We examined the activation of caspases-3, 8, and 9, which are involved in mitochondria and death receptor-associated apoptosis, and the results did not show apparent activation of these caspases (data not shown). Therefore, we speculated that the ER pathway may be involved in the apoptosis induced by low-dose OSU03013. We investigated whether ER stress-induced apoptosis-related proteins such as phosphor-PERK, phosphor-eIF2a,GADD34, and caspase-12 proteins can be detected in the OSU03013-treated cells. Figure 3 shows that after treatment with OSU03013, phosphor-PERK, phosphor-eIF2a, and GADD34 proteins all increased, and caspase-12 was also cleaved, indicating apoptosis.
Affected proteins of treatment with OSU03013 identified by 2-D electrophoresis/MALDI-Q-TOF. To identify the target and/ or effecter proteins affected by OSU03013, CL1-1, and H1435, cell lines were analyzed by proteomic assays. After treatment with the drug and running with the 2-D electrophoresis (Fig. 4A) , we analyzed a total of 207 spots for 2-D/MS and selected 74 differentially expressed proteins with significantly high match scores in the protein database by mass spectrum analyses. Table 1 includes the representative differentially expressed proteins after OSU03013 treatment. To confirm the proteomic results, we performed Western blot analyses on selected proteins. Proteins were selected for further analysis based on both their high match score and their role in signal pathways in cell growth control. Figure 4B shows that annexin A3, a-tubulin, Hsp27, Hsp70, and Hsp90 proteins were downregulated after treatment with OSU03013. The data coincide with the proteomic results. Molecular modeling of OSU03013 to the cAMP-dependent PKA and the activity assay by Western blot of its downstream proteins. According to the proteomic results, cAMP-dependent protein kinase inhibitor beta (PKIB) was upregulated by OSU03013 treatment and may lead to PKA downregulation. Recent studies showed that PKA is an important protein related to cell proliferation (23) . Western blot analyses showed that after treatment with OSU03013, PKA was shown to be downregulated, and led to dephosphorylation of glycogen synthase kinase 3-beta (GSK3h), followed by decreased h-catenin (Fig. 5A) . The docking calculation of OSU03013 to PKA suggested that OSU03013 binds with PKA at the ATP-binding site (Fig. 5B) . The phenanthrenyl moiety of OSU03013 is buried in the pocket surrounded by nonpolar residues at the ATP-binding site. This shows that OSU03013 binding with PKA is mainly stabilized by hydrophobic interaction between phenanthrenyl moiety and the nonpolar residues of PKA at this site. Furthermore, another docking calculation of ATP to PKA (result not shown) showed that the charged phosphate groups of ATP point to the solvent, also supporting that the ATP-binding site favors hydrophobic interaction with ligands. The data support that OSU03013 may compete with ATP for PKA binding and thus inhibit PKA activation.
Discussion
Our data showed that OSU03013 had selective cytotoxicity against various lung cancer cells but not against the normal lung cell. After treatment with 1f4 AM OSU03013 for 24 and 48 hours, lung cancer cell lines showed G1 arrest and early apoptosis signals such as PS exposure and ES stress-related protein upregulation. More then 70 affected proteins were identified by 2-DE/MS, and some were confirmed by Western blot analysis. Molecular docking and activity assay suggested that one of the direct binding targets of OSU03013 in lung cancer cells is PKA. Therefore, OSU03013 may inhibit lung cancer growth through downregulation of the PKA and h-catenin pathways. There are three distinct apoptosis signaling pathways: death receptor-, mitochondria-and ER-mediated apoptosis (8-14, 24, 25) . A recent report described treatment with 10 AM OSU03013 will induce A549 lung cancer cell apoptosis through the mitochondrial pathway (7) . However, the current study using the lowdose treatment of 1f4 AM of OSU03013 did not induce activation of caspase-3, 8, and 9 (data not shown), whereas the ER-specific caspase-12 was evident. Apoptosis induced at low dosage OSU03013 could occur through ER stress in A549 and other lung cancer cells. In addition, ER stress-associated proteins such as PERK, eIF2a, and GADD34 were upregulated after drug treatment. Therefore, our data suggest that low-dose OSU03013 may induce cell apoptosis via the ER stress pathway, at least in the lung cell model.
Our study is the first using proteomics to identify the proteins affected by OSU03013. These differentially expressed proteins include cell cycle-related proteins (e.g., a-tubulin and CDC2), Hsps (e.g., Hsp27, Hsp70, and Hsp90), and the inositol phosphate metabolism enzyme, annexin A3. Most importantly, using proteomics and molecular modeling, we found that OSU03013 reduced the PKA signaling pathway by upregulating PKIB and leading to low expression of h-catenin. The PKA pathway has been shown to be connected to the Wnt/h-catenin pathway (22) . PKA overphosphorylation results in GSK3h overphosphorylation, which is a protein involved in the h-catenin degradation complex. Phosphor-GSK3h causes h-catenin release from an AXIN/APC degradation complex and results in h-catenin accumulation, which then translocates to the nucleus to become a transcription factor. Furthermore, overexpression of h-catenin had been reported in lung cancer (26, 27) . These results show the potential of OSU03013 as an anticancer drug for lung cancer.
Recent reports indicate that PKA phosphorylation is important for multiple cell functions such as cell proliferation, differentiation, development, metabolism, ion channel activity, and synaptic transmission (28, 29) . In addition, PKA is involved in the tobacco nitrosamine 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK)-induced ERK1/2 and CREB/ATF-1 phosphorylation in pulmonary adenocarcinoma cells and airway epithelial cells, supported by the study using a PKA inhibitor, which partially inhibited NNK-induced DNA synthesis and ERK1/2 activation in these cells (30) . The regulatory role of cAMP/PKA signaling is also evident in a cooperation between NNK-induced adrenergic receptors h1 and estrogen receptor h1 mitogenic signaling in the cell type originating from lung adenocarcinoma (31) . In addition, increased intracellular second message cAMP following adenylyl cyclase stimulation activates PKA phosphorylation, and phosphor-PKA phosphorylates downstream cAMP response element-binding protein (CREB) to induce expression of several genes such as c-Jun, StAR, etc. (Fig. 5C; refs. 28, 32) . Therefore, whether PKA reactivation or adenylyl cyclase overexpression will reduce OSU03013 cytotoxicity, or whether adenylyl cyclase inhibition or cAMP inhibitors will augment OSU03013 efficiency are worthy of future investigation.
Furthermore, molecular modeling data showing the interaction between OSU03013 and PKA indicate that OSU03013 inhibits PKA by competing with ATP for binding. We proposed that PKA activity can be inhibited by OSU03013 because OSU03013 competes with ATP for PKA binding. This inactivated PKA is thus less able to phosphorylate its downstream proteins such as GSK3h. We are now conducting more biochemical and biophysical experiments to confirm the OSU03013-PKA interaction to prove that one of the direct targets of OSU03013 is PKA. In addition, CREB will be examined for its expression level and activity to verify the effects on the PKA signaling pathway after OSU03013 treatment. We speculate that other PKA inhibitors such as H89 and KT5720 (33, 34) may also have potential as new candidate drugs for lung cancer treatment.
The proteomic study showed that OSU03013 is a multifactorial drug. It downregulated several Hsps including Hsp27, Hsp70, and Hsp90, which will inhibit cell apoptosis and differentiation (35, 36) . In addition, OSU03013 downregulated annexin A3, which is an enzyme involved in phosphatidyl inositol metabolism. Furthermore, the results of proteomics indicated that cell cycle -related proteins such as a-tubulin and phosphor-CDC2 were downregulated and upregulated by OSU03013 treatment, respectively. CDC2 is a G2/M phase checkpoint protein. However, once CDC2 is phosphorylated at Tyr 15, it will inhibit CDC2 activation and cause cell cycle arrest in the G1 phase. These data are consistent with our flow cytometry analysis.
Conclusion
In conclusion, we identified for the first time that OSU03013 inhibited PKA activity and caused dephosphorylation of GSK3h, leading to h-catenin degradation, which is often overexpressed in lung cancer. Our proteomic and molecular results showed the potential of OSU03013 to be a novel anticancer drug in many lung cancer cells even at low dosage.
